Introduction
Part 1 of this paper outlined the benefits and concerns associated with the use of cutting fluid and the development of an analytical model that includes the mist generation, settling, and evaporation mechanisms that occur in the presence of a rotating cylindrical workpiece, such as employed in a turning operation. The model has the following features: i͒ use of thin film theory to determine the amount of fluid that forms droplets, ii͒ application of a rotating disk atomization relation to determine the mean droplet size, iii͒ description of droplet size variation using a lognormal distribution, iv͒ expressions for the rate of droplet generation, settling, and evaporation, and v͒ prediction of the dynamic behavior of both the droplet number distribution and the mass concentration. This part of the paper ͑Part 2͒ is devoted to the assessment and validation of this model. Pursuant to the model assessment and validation efforts described in this paper, experimental measurements will be collected on three types of mist-related characteristics:
• Generated droplet size distribution. The number distribution associated with the size of the droplets generated by atomization resulting from the interaction of the cutting fluid and a rotating cylindrical workpiece.
• Airborne PM10 mass concentration. This is an air-samplebased measure of the mass concentration of PM10 particulate ͑particles having less than a 10 m aerodynamic diameter͒-such particles may remain suspended in the air for long periods of time.
• Airborne particulate size distribution. This is an air-samplebased size distribution of the number distribution associated with the size of airborne particulate.
Additional details, along with the experimental apparatus associated with the collection of these mist-related characteristics, will be briefly described in the next section.
As will be seen in this paper, the validation of the mist generation and behavior model will be accomplished through a series of experimental efforts. The experiments will focus on the following activities:
• Comparison of the mean diameter predicted by the mist generation model under different process conditions to experimental results obtained using a droplet imaging system. • Estimation of the unknown parameter g , that expresses the variation in the size of generated droplets, using experimental data from the droplet imaging system. • Direct validation of the mist settling and evaporation components of the model using mass concentration and droplet size distribution data.
• Validation of the complete generation and behavior model using air sample measurements of mass concentration and droplet size distribution.
This validation approach directly assesses the adequacy of the droplet generation model and the subsequent behavior of the droplets due to settling and evaporation. The predictive capability of the overall model is also assessed. It should be noted that the method employed to describe the generated droplet size distribution, namely using a value for g calculated from data obtained using the imaging system, is also indirectly examined for its effectiveness. As will be seen, the experimental data demonstrate the adequacy of the mist generation and behavior model for the process under consideration.
Experimental Setup
As a cutting fluid stream is delivered to a rotating cylindrical workpiece, droplets of different sizes will be produced by an atomization process. Based on experimental observations ͓1-4͔, the size of droplets generated by the atomization mechanism ranges from submicrometer to over 1000 m. Given this wide range of droplet sizes, multiple devices have been employed to collect information on three principal mist-related characteristics: i͒ the size of the generated droplet distribution ͑measured with an imaging system͒, ii͒ the mass concentration of airborne particulate ͑mea-sured with a TSI DustTrak Aerosol Monitor͒, and iii͒ the size distribution of airborne particulate ͑measured with an Amherst Process Instruments Aerosizer Mach II particle measuring system͒. Additional devices that were used for collecting information on the droplet size distribution include a laser-based Malvern 2600 HSD Particle Sizer, whose size range is from 5 m to 280 m, and a TSI Aerodynamic Particle Sizer, which is capable of measuring particulates in the size range of 0.5 m to 20 m. In the remainder of this section information on the experimental configuration and measurement methods will be described.
Setup to Obtain Generated Droplet Size Distribution
An experiment has been conducted to observe the generation of droplets and quantify the effect of process conditions on the generated droplet size distribution ͓4͔. A large enclosure was constructed around a stand-alone engine lathe, and a vertically oriented cutting fluid stream was applied normal to the surface of a rotating cylindrical workpiece. Figure 1 shows the orientation and location of the fluid stream relative to the workpiece surface. An imaging system was employed to observe the cutting fluid mist formation and measure the generated droplet size distribution. The figure illustrates the key components of the imaging system and their relative positions.
The cutting fluid nozzle was positioned so as to achieve a 1 cm or smaller clearance above the workpiece, since a small clearance minimizes the amount of fluid splattering ͓5͔, thus minimizing the production of droplets due to this mechanism. A strobe light source, with an adjustable frequency, was placed near the lathe headstock and directed at the droplet formation region. Two CCD cameras ͑A and B in the figure͒ were placed near the tailstock of the lathe and were focused on the droplet formation region. Camera A is a JVC model KY-F30BU whose CCD sensor size is 6.4 ϫ4.8 mm (512ϫ480 pixels), and gives an imaging area of 54 mmϫ40 mm. It is used to measure droplet sizes above 500 m. Camera B is a Science Scope model with the same CCD sensor size, an imaging area of 6.8 mmϫ5.1 mm, and is used to measure droplet sizes in the range of 50 to 500 m. The results obtained from the two cameras are integrated to obtain the distribution of droplets ranging in size from 50 m to over 2000 m. It will be shown that this imaging system can accurately measure the size distribution of droplets produced by the atomization process because the mean droplet size is several hundred micrometers, and therefore few droplets fall below the 50 m lower size limit or above the 2000 m upper limit.
The system was used to obtain a variety of images, such as those shown in Figs. 2 and 3. Figure 2 illustrates the ligaments formed around the workpiece ͑for a workpiece diameter of 63.5 mm, fluid flow rate of 0.6 L/min, and a spindle speed of 960 rpm ͑191.5 m/min͒͒, and Fig. 3 shows a representative image of the generated droplets in the vicinity of the workpiece. Images like the one shown in Fig. 3 were analyzed to obtain information on the generated droplet size distribution, while those similar to Fig.  2 revealed the underlying atomization mechanisms.
In order to obtain a droplet size distribution from an image such as the one in Fig. 3 , two important issues were considered ͓4͔. The first issue was out-of-focus droplets. These droplets, which are either too close or too far from the camera, must be rejected. To identify out-of-focus droplets, each individual droplet was examined and the light intensity gradient at the edge of a droplet was quantified. Generally, droplets that were in-focus have large edge gradients, and thus a rejection criterion was established to identify those droplets with a small edge gradient as being out-of-focus. The second image processing issue was the existence of a size bias owing to slight deviations from the focal plane even for those droplets that meet the in-focus criterion. In order to compensate for the errors caused by this phenomenon, a calibration procedure was performed to obtain more accurate droplet size measurements. Scion Image particle sizing and auxiliary software were implemented to execute the droplet image processing procedure.
Setup to Obtain Airborne PM10 Mass Concentration
Experimental efforts to quantify the effect that process conditions have on the airborne particulate mass concentration produced by the atomization mechanism resulting from the interaction of the fluid with a rotating cylindrical workpiece have been previously reported ͓1,2͔. Experimental trials were performed on a lathe contained within a large enclosure. A TSI DustTrak Aerosol Monitor was used to obtain the mass concentration measurements, which were made at several PM ͑particulate matter͒ levels, including PM10. The PM10 mass concentration measurement only includes those particles with aerodynamic diameters less than 10 m in size. For the experiment, a 2 6-1 fractional factorial design was used to study the effects of the following variables on PM10: spindle speed ͑600 or 2000 rpm͒, nozzle diameter ͑3.175 or 6.35 mm͒, workpiece diameter ͑63.5 or 104.8 mm͒, water soluble oil concentration ͑5% or 10%͒, X-location ͑ϩX: 50 cm in front of the lathe or ϪX: 50 cm behind the lathe͒, and Z-location ͑0 and 55 cm, corresponding to the vertical positions of the workpiece and a hypothetical worker's breathing zone͒. It should be noted that four cutting speeds, 119.7, 197.5, 399.0, and 658.4 m/min, result from the spindle speed and workpiece diameters given above. In the experimental setup, the cutting fluid was applied to a rotating cylindrical workpiece on a lathe, as depicted in Fig. 4 . For each trial of the experiment, fluid was applied at 3.4 L/min to the workpiece. As stated in Part 1 of the paper, this configuration was chosen to focus on the interaction of the fluid with the rotating workpiece, as opposed to including all considering all the complexities of an actual turning process.
The typical behavior of the PM10 mass concentration versus time for a test within the 2 6Ϫ1 experiment is shown in Fig. 5 . When cutting fluid application is initiated, the mass concentration appears to increase degressively, and after approximately four minutes it approaches a steady state level. Once the fluid application is discontinued, the mass concentration decays exponentially to the ambient level ͑it should be noted that this settling process may take well over an hour͒. The results of the 2 6Ϫ1 experiment led to the conclusion that the PM10 mass concentration is highly dependent on spindle speed. An increase in the spindle speed results in an increase in the mass concentration ͓2͔.
Setup to Obtain
Size Distribution of Airborne Particulate. The effect of process conditions on the size distribution of the cutting fluid airborne particulate ͓6͔ was studied using another set of experiments. The experimental setup and procedure were identical to that used for the mass concentration experiments, but an Amherst Process Instruments Aerosizer Mach II particle measuring system was employed to assess the aerodynamic particle size distribution in the range of 0.5 to 13 m.
The results of this set of experiments indicated that spindle speed had the greatest effect on the size distribution of the cutting fluid mist. At higher spindle speeds a larger number of droplets were created in the 0.5 to 13 m range. A typical size distribution of airborne particulate obtained during these experiments, and the fitted lognormal distribution to this data are shown in Fig. 6 . Since the measured data and the fitted lognormal distribution have similar shapes, it was determined that the lognormal distribution could adequately characterize the size distribution of the airborne droplets.
Application of Experimental Results
The model established in Part 1 of this paper consists of three principal components: i͒ a relation for the generated mean droplet size (D g ) based on fluid properties and process conditions, ii͒ a description of the size of the generated droplets using a lognormal distribution with geometric mean D g and standard deviation g , and iii͒ characterization of the mist behavior as a result of settling and evaporation. In Part 2 of this paper, it is desired to assess the ability of the model to predict both the droplet size distribution and mass concentration as a function of time, i.e. the dynamic mist behavior. The following steps will be undertaken to achieve this goal:
• Validation of Maximum Flow Rate (q max ). The model established in Part 1 of this paper predicted the maximum cutting fluid Transactions of the ASME flow rate that a workpiece can support under certain working conditions. The prediction of the maximum flow rate will be directly validated in this step.
• Validation of Droplet Mean Diameter (D g ) Relation. Using the validated maximum flow rate, the generated droplet mean diameter can be determined. In this step, the prediction of the generated droplet mean diameter will be validated using the data obtained from a series of experimental trials.
• Estimation of Generated Droplet Size Variation ͑Standard Deviation, g ). In Part 1 of this paper, a model was established for the mean generated droplet size, D g . However, no relation was presented for the standard deviation, g , of the generated droplets. Therefore, in this paper, g will be estimated from experiments.
• Validation of Settling and Evaporation Model Components. Information on airborne particulate mass concentration and size distribution will be used to directly validate the settling and evaporation model components.
• Validation of the Complete Model. With the value for g determined, and the mechanisms for droplet behavior validated, the complete mist generation/behavior model can be used to predict the time varying cutting fluid mist behavior. These predictions may then be compared to actual air sample measurements. The airborne particulate mass concentration and size distribution at different times will be predicted and compared to experimental results.
All the experiments will be conducted using a specific set of conditions, which are summarized in Table 1: 3.1 Validation of Maximum Flow Rate "q max …. A series of experimental trials have been performed to validate the maximum flow rate that a cylindrical workpiece can support ͓4͔. The maximum flow rate that the workpiece can sustain without runoff ͑drainage͒ for a given spindle speed was obtained by setting the fluid flow rate to a large value and then slowly reducing the flow rate until no drainage was observed. The predicted and measured maximum flow rates are compared in Fig. 7 . As is shown, in all three cases the model predictions are in good agreement with the data. This validates the maximum flow rate relation established in Part 1 of this paper.
While the equations that govern the fluid behavior are expressed in terms of the spindle speed, some meaningful conclusions can be drawn by viewing these same results in terms of the cutting speed, as shown in Fig. 8 . By examining these results, it is found that nozzle diameter and cutting speed are the two primary parameters that affect the maximum flow rate, while workpiece diameter has only a minor influence on the flow rate. The analytical model and the experimental data show that a higher cutting speed allows a higher maximum flow rate ͑i.e., the rotating workpiece can sustain a higher flow rate without runoff͒, while a larger nozzle diameter will result in a decrease in the maximum flow rate.
Validation of Generated Droplet Mean Diameter Relation.
Having validated the maximum flow rate relation, attention now turns to the generated droplet mean diameter relation. This portion of the model was validated using a series of trials that utilized the droplet imaging system. A wide range of spindle speeds, from 500 to 1750 rpm, and two workpiece diameters were studied. The nozzle diameter and the fluid flow rate were fixed at 6.35 mm and 2.2 L/min, respectively. For each experimental trial 32 images ͑similar in appearance to Fig. 3͒ were taken of the generated droplets in order to obtain sufficient droplet size information. The information extracted from these images was then combined to produce a droplet size histogram such as the one displayed in Fig. 9 for each combination of process conditions.
In the droplet histogram, each cell class ͑k͒ is associated with a droplet diameter (D k ) and a particle count number (N k ). As has been noted previously, the frequency with which droplets of varying sizes arise may be approximated with a lognormal distribution. The mean diameter for such a distribution can be estimated using the relation: 
The measured droplet mean diameter can then be compared to the model prediction as shown in Fig. 10 . As can be seen, the measured droplet mean diameters closely match the model predicted behavior, and there is a strong dependence on cutting speed, and a very minor effect due to the workpiece diameter. In all cases, the experimental data are slightly larger than the predicted values with the difference being fairly consistent. This may be due, in part, to the inability of the imaging system to capture droplets under 50 m in size.
3.3 Estimation of Generated Droplet Size Variation "Standard Deviation, g …. As was shown in the previous section, the model developed in Part 1 of this paper can be used to predict the mean diameter of the droplets generated by the interaction of the fluid with the rotating cylindrical workpiece during a turning process. However, the droplets that are generated by the atomization process are not of a single size, but are characterized by a wide range of droplet sizes, which is due to the random character of the atomization process. At present, there is no analytical model that can be used to calculate g , the parameter used to describe this distribution. Hence, several experimental trials were conducted under different conditions with the purpose of determining a value for g . For each experimental trial, a generated droplet size histogram ͓4͔ was obtained ͑similar in appearance to Fig. 9͒ . For such a histogram, the values for particle count number N k and associated diameter D k can be used to estimate the droplet size variation using the relation:
The experiments to estimate the standard deviation were performed under the following conditions: D n ϭ6.35 mm, q ϭ2.2 L/min, using a workpiece diameter of 104.8 mm. The nozzle diameter, flow rate, and workpiece diameter were fixed at these values, while spindle ͑cutting͒ speed, which is the most critical to droplet size, varies from 200 rpm ͑65.8 m/min͒ to nearly 2000 rpm ͑658.5 m/min͒. A replicated trial conducted at a spindle speed of 1700 rpm ͑559.7 m/min͒ resulted in standard deviation ( g ) values of 4.01 and 3.94, respectively, while a single experimental trial at a lower spindle speed of 950 rpm ͑312.8 m/min͒ produced a standard deviation ( g ) value of 4.07. Experimental trials at other spindle speeds produced similar values for g , and therefore it can be assumed that g has a constant value of 4.0 for the experimental conditions described herein. It should be noted that droplets under 50 m do not have a strong effect on the shape of the overall distribution, thus the inability of the imaging system to capture droplets in that size range does not severely affect the estimation of g .
Validation of Settling and Evaporation Model Components.
As discussed in Part 1 of this paper, as fluid is being applied to the rotating workpiece, the airborne mist size distribution changes as a result of the ongoing generation, settling, and evaporation processes. While the droplet generation mechanism has been characterized and experimentally validated, the remaining two mechanisms have yet to be validated. Since extensive attention to validation of the individual settling and evaporation model components lies beyond the scope of the present paper, the efforts described herein represent the initial steps in the overall validation. These initial efforts serve to validate the two model components, i.e., settling and evaporation, together instead of individually.
In this preliminary effort to validate the settling and evaporation components, information on the airborne particulates was obtained immediately after fluid flow was discontinued for an experimental trial such as that depicted previously in Fig. 5 . This mist information is in the form of a measured initial mass concentration, M 0 , and a measured initial airborne particulate size distribution. This experimentally obtained information was supplied to the settling and evaporation model components, and predictions of the future mass concentration behavior were obtained using the model components. Measurements of the actual airborne particulate mass concentration were then compared to the model predictions. This comparison is shown in Fig. 11 . As is evident from the figure, the model prediction and experimental data show very good agreement. Transactions of the ASME In a second validation experiment, a poly-disperse spray burst was produced with an atomizer ͑i.e., in a nonmachining environment͒. Information on the initial size distribution of this mist was obtained using a Malvern particle sizer, and this information was used as input to the settling/evaporation component of the model. The model then predicted the droplet size distributions at various future points in time. These predictions were compared to measured size distributions obtained from an Aerodynamic Particle Sizer ͑APS͒. The atomizer experiment was carried out under the following ambient conditions: ambient gas temperature, T G , of 21.2°C and relative humidity of 45%. The Malvern was positioned 20 mm ͑settling height͒ above the APS sampling tube, and an APS sample was collected 30 seconds after the Malvern measurement. Figure 12 shows the initial droplet size distribution obtained from the Malvern, and Fig. 13 shows the comparison between the model predictions and the APS measured size distributions.
Given that the atomizer generated mist distribution had an initial mean of 73 m and particle size values ranging from 0-280 m, it is evident that significant settling and evaporation must occur within 30 seconds, and over the 20 mm height, in order to produce the size distributions shown in Fig. 13 . It should be noted that during the settling/evaporation process, the mean droplet diameter changes from 73 m to a little over 2 m. In light of these significant changes, the model predictions and measured distributions presented in Fig. 13 are strikingly similar. In Fig. 13 the experimental curve is slightly to the left of the model prediction. This may be due to the inability of the Malvern to capture droplets smaller than 15 m in aerodynamic diameter-thus biasing the model predictions to the high side. The results of these two validation experiments demonstrate the ability of the proposed settling and evaporation components, in combination, to describe mist behavior in terms of both mass concentration and size distribution.
Validation of the Complete Model.
A model has been presented for the generation and subsequent behavior for cutting fluid mist produced via atomization during a turning process. The relations used to predict the generation of droplets, the droplet mean diameter, and the mist settling/evaporation behavior have been validated. Experiments have also been performed to quantify the droplet size variation ͑standard deviation, g ). The complete mist generation and behavior model can now be used to predict the airborne mass concentration and the airborne particulate size distribution. A series of experimental trials were performed to assess the ability of the complete model to characterize the actual mist behavior. The results of two of these trials are described in detail in this paper.
The experimental setup is as presented in Fig. 4 , and measurement of the PM 10 mass concentration started as the cutting fluid was delivered onto the rotating workpiece. The cutting fluid flow was applied for 4 minutes. The PM 10 mass concentration measurements taken during the fluid application will be compared to the model predictions. Two tests were performed and the experimental conditions are listed in Table 2 .
For both of the test conditions listed in Table 2 , the mist generation and behavior model was used to predict the dynamic airborne mass concentration. It should be noted that for these conditions the value of q max is greater than the 3.4 L/min flow rate ͑refer to Fig. 8͒ , and therefore all of the applied fluid becomes atomized. The predicted mean droplet sizes associated with the generated droplet distribution for Tests #1 and #2 are 447 m and 312 m, respectively. A value for g of 4.0 was used as an input to the model. Figures 14 and 15 display the model predicted and measured dynamic airborne mass concentrations during the cutting fluid application phase. The measured results are presented with respect to an ambient condition, which occurs at time zero. An examination of Figs. 14 and 15 reveals excellent agreement between the model predicted and the measured mass concentrations. Both the model predictions and measured data show that a larger mass concentration is associated with a smaller mean diameter, which corresponds to a larger workpiece diameter. This behavior is due to the fact that a smaller mean diameter indicates that a larger quantity of smaller droplets are produced, and since smaller droplets remain in the air for a longer period of time, mass will accumulate at a faster rate. The mass concentrations during the settling/evaporation phase are also measured and predicted. These results are similar in appearance to the results previously presented in Fig. 11 , thus, they are not presented here in order to avoid redundancy.
While a prediction of mist mass concentration is useful, in order to fully evaluate the health hazard, the airborne particulate size distribution must be predicted. Therefore, the airborne particulate size distributions were measured for Test #2 after the cutting fluid flow was discontinued. Figure 16 shows the evolution of the airborne particulate size distributions that are predicted by the complete mist generation and behavior model starting from this point. As can be seen from Fig. 16 , shortly after the cutting fluid flow is discontinued, there are a significant number of droplets with diameters larger than 10 m suspended in the air. As the droplets settle and evaporate, the number of large droplets diminishes, and thus the fraction of small airborne particulate approaches unity.
Discrepancies between the measured data and the model predictions at the beginning of the settling phase may arise due to the fact that the Aerosizer is not capable of measuring droplets larger than 10 m in aerodynamic diameter. Thus, samples collected immediately following the termination of fluid flow, when numerous droplets of 10 m in size and larger are present, may not adequately represent the actual airborne particulate size distribution. Therefore, comparisons of the predicted droplet size distribution with data obtained from the Aerosizer should only be made at times during the settling process when droplet sizes are below 10 m. Based on the predictions presented in Fig. 16 , it is apparent that 10 minutes after discontinuing the fluid flow, the airborne particulates are virtually all less than 10 m in size. Therefore, the model predictions on airborne particulate size distribution were compared to the experimental data at 15 minutes and 30 minutes after the cutting fluid flow was discontinued. These comparisons are shown in Figs. 17 and 18 .
The excellent agreement between model predictions and the experimental data demonstrates that the mist behavior compo- 
Summary and Conclusions
This two-part paper has developed and experimentally validated a model for cutting fluid mist formation that describes the interaction of the fluid with the rotating cylindrical workpiece during a turning operation. Part 1 of this paper focused on the model development, incorporating the following components:
• Thin film and rotating disk atomization theory to predict mean droplet size.
• A lognormal distribution to characterize the droplets that are generated.
• Relations for both droplet generation and settling rates.
• Relations to describe the droplet evaporation.
• An expression for mass concentration as a function of the droplet size distribution.
Part 2 of this paper has been devoted to the experimental validation of the model developed in Part 1. The work presented in Part 2 may be summarized as follows:
• The experimental setup and capabilities were described.
• The mean generated droplet diameter and maximum cutting fluid flow rate are validated. • The standard deviation was empirically determined using experimental data.
• The mist behavior component of the complete model was validated with data collected on both time varying droplet size distributions and dynamic changes in the mass concentration. • The complete model was validated using mass concentration and size distribution data.
Both the model predictions and the measured data point to the importance of cutting speed as a significant parameter for droplet generation and the maximum flow rate. Cutting speed is also found to be the dominant variable in terms of mass concentration, with increasing cutting speed producing smaller droplets and higher PM10 mass concentration levels. Based on the model and the validation effort described in this two-part paper, the following conclusions may be drawn:
• The complete model accurately predicts the droplet size distribution and the mass concentration behavior.
• For the conditions examined, during fluid application the mass concentration increases over time because the rate of droplet generation exceeds the settling/evaporation rate.
• Once the fluid application is discontinued, the mass concentration decays exponentially.
• The assumption that the droplets within the control volume follow a lognormal distribution appears to be valid. • Regardless of the droplet mean diameter associated with the atomization mechanism, the distribution of droplets within the control volume will be dominated by small droplets because of the settling and evaporation phenomenon.
With the present model established, the model may now be used to judge the effects of processing conditions, fluid application variables, and fluid type on the resulting droplet size distribution and mass concentration. 
